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Summary 
The detection and discrimination of odorants in mam- 
mals is thought to be mediated by a family of lOO- 
1000 seven transmembrane domain receptor proteins, 
although none of these putative olfactory receptors 
have been shown to bind individual odorants with high 
affinity. We have used a genetic approach to identify 
the genomic regions responsible for the differential 
ability of two inbred mouse strains to detect a single 
odorant, isovaleric acid. Results obtained with a be- 
havioral assay were consistent with a limited number 
of genes conferring the ability to detect isovaleric acid. 
One genetic location mapped to a 0.3 CM region be- 
tween D4MIT37and D4MIT156on mouse chromosome 
4. A second locus mapped to the distal end of mouse 
chromosome 6. The most likely cause of the behavior 
difference between the two strains of mice is the loss 
of the receptor protein or proteins responsible for rec- 
ognizing isovaleric acid. High resolution genetic map- 
ping provides a novel approach to the identification of 
genes critical for the detection of particular odorants. 
Introduction 
The mammalian olfactory system can sense and discrimi- 
nate among a very large number of odorants. The percep- 
tion of an odor is a complex process involving the initial 
events of odorant recognition in the nasal epithelium and 
neuronal processing in both the olfactory bulb and in the 
brain (see Kauer, 1991, and Shepherd, 1994, for reviews). 
A complete understanding of this pathway will require the 
identification and characterization of the molecules re- 
sponsible for stimulus detection, sensory adaptation, and 
the patterning of neuronal connections. 
Individuals with specific anosmia (more precisely, a nar- 
rowly limited hyposmia) have detection thresholds at least 
lo-fold greater than the thresholds for normal individuals, 
while they detect a number of other compounds at normal 
thresholds (Amoore, 1967). At least eight specific anos- 
mias have been described in humans (Amoore, 1991; Pat- 
terson and Lauder, 1948; Wysocki and Kare, 1991) and 
three in mice (Pourtier and Sicard, 1989; Price, 1977; 
Wang et al., 1993; Wysocki et al., 1977), but specific anos- 
mias have not been described for many other compounds. 
It has been suggested that specific anosmia or “smell 
blindness” in the olfactory system is analogous to color 
blindness in vision. In humans, the specific anosmia to 
pentadecalactone is inherited as a recessive genetic trait 
(Whissell-Buechy and Amoore, 1973) consistent with mu- 
tation or loss of the receptor gene for this particular odor- 
ant. Human twin studies also support the hypothesis that 
specific anosmias have a genetic basis. The thresholds for 
the detection of androstenone and isoamyl acetate show 
greater concordance in monozygotic twins relative to 
those in dizygotic twins (Gross-lsseroff et al., 1992; Wy- 
socki and Beauchamp, 1984). No difference in odorant 
detection thresholds is observed between fraternal and 
identical twins among odorants for which there are no de- 
scribed specific anosmias (Hubert et al., 1980). 
The primary events in odor detection occur in the olfac- 
tory neuroepithelium, which is located within the posterior 
regions of the nasal cavity. The sensory neuron extends 
a single dendritic process to the epithelial surface and 
projects an axon to the olfactory bulb at the front of the 
brain. The axons of the olfactory bulb project to cortical 
and subcortical regions of the brain, where the discrimi- 
nation and perception of odors takes place (Cushieri 
and Bannister, 1975a, 1975b). Wysocki and colleagues 
showed that there is a peripheral rather than central defect 
in two strains of mice (C57BU6J and NZBIBINJ) with spe- 
cific anosmias to isovaleric acid and androstenone, re- 
spectively (Wang et al., 1993). Patches of olfactory epithe- 
lium from mice were tested for the ability to generate an 
electrical response in the presence of odorant. Epithelium 
from osmic mice did respond electrically to odorant, and 
epithelium from all strains responded equally well to isoa- 
myl acetate, a compound all strains of mice could smell. 
By contrast, olfactory epithelium from mice with specific 
anosmias to isovaleric acid failed to elicit an odorant- 
induced electrical response at concentrations of odorant 
where the mice were anosmic. This result suggests that 
the defect is in some aspect of the peripheral response, 
such as odorant binding to or recognition by the receptor 
neuron. 
A defect in the gene encoding an olfactory receptor pro- 
tein may result in a specific anosmia to the odorant that 
binds that receptor with high affinity. The recently identi- 
fied family of putative odorant receptor proteins, with 100 
genes in fish and up to 1000 genes in rodents, are structur- 
ally related to other G protein-coupled receptors (Buck 
and Axel, 1991; Levy et al., 1991). Homologs of these 
genes have been identified in fish, chickens, rodents, and 
humans (Ben-Arie et al., 1994; Buck and Axel, 1991; Levy 
et al., 1991; Ngai et al., 1993b). These receptors are ex- 
pressed in the olfactory epithelium, with a single receptor 
member of the family expressed in only O.l%-0.5% of all 
olfactory neurons (Kishimoto et al., 1994; Koshimoto et 
al., 1994; Nef et al., 1992; Ngai et al., 1993a; Ressler et 
al., 1993; Strotmann et al., 1992, 1994). Demonstration 
of functional activity in expression systems has been prob- 
lematic. One putative receptor protein has been shown to 
elicit a modest increase in inositol 1,4,5-trisphosphate in 
response to a mixture of several structurally dissimilar 
odorants (Raming et al., 1993). The role of this protein in 
the physiological detection of those odorants is unclear. 
Mapping of the olfactory receptor genes has shown them 
to be located in clusters of five to twenty receptor genes 
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Figure 1. C57BL16J Mice Have a Specific Anosmia for lsovaleric Acid 
(A) Preference testing for isovaleric acid. C57BU6J (stippled bars) and 
DBAl2J (open bars) mice were tested with or without the aversive 
stimulus. The preference ratio is the total amount of odorant con- 
sumed/total amount of liquid consumed. Each bar represents a mini- 
mum of four animals. 
(B) Preference testing for pentadecalactone. C57BL61J (stippled bars) 
and DBA/ZJ (open bars) mice were tested with or without the aversive 
stimulus. Each bar represents a minimum of three animals. 
over regions of several hundred kilobases with the most 
highly homologous receptors tightly linked in the genome 
(Ben-Arie et al., 1994; R. R. R., unpublished data). Un- 
equal crossing over among the highly homologous recep- 
tors within a cluster during gametogenesis would result 
in the formation of new hybrid receptors, the deletion of 
receptor genes, or both. Mutations of this type could cause 
the specific anosmia phenotype in the same way that these 
types of mutations cause red/green color blindness in hu- 
mans (Nathans et al., 1986a, 1986b). 
We have used a genetic approach to identify the origin 
of the specific anosmia to isovaleric acid in C57BU6J 
mice. We report here that the specific anosmia phenotype 
is recessive. The ability to detect isovaleric acid is a behav- 
ior that results from the contribution of several loci, one 
on the distal portion of mouse chromosome 4 and a second 
on the distal tip of chromosome 6. The ultimate identifica- 
tion of the genes responsible for the phenotypic difference 
in these mice will provide a better understanding of olfac- 
tory signal transduction and the mechanism of odorant 
discrimination. 
Results 
Behavior Assay for Specific Anosmia 
Conditioned avoidance behavior assays that test the abil- 
ity of animals to detect odorants (Pourtier and Sicard, 
1989; Wysocki et al., 1977) have been developed and vali- 
dated with electrophysiological studies (Wang et al., 
1993). The availability of inbred strains of mice segregat- 
ing a specific anosmia allowed us to test multiple geneti- 
cally identical subjects, a clear advantage over human 
studies. Wysocki et al. (1977) described a behavior assay 
that used conditioned avoidance, where the mice that can 
smell the compound associate the smell with an aversive 
stimulus. These mice avoid the test odorant when exposed 
to the compound at a later time. Only male mice were 
tested in this assay, since the ability of female mice to smell 
varies with their estrous cycle. Measurement of preference 
ratio (volume of odorant solution consumed/total solution 
consumed) as determined in this two-bottle preference 
assay has been shown to assess olfactory function rather 
than taste (Pourtier and Sicard, 1989; Wysocki et al., 
1977). In this behavior assay, C57BL16J and DBAIPJ mice 
showed adifference in their abilityto detect isovaleric acid: 
at 10m5 and 10m6 M isovaleric acid, DBA12J mice detect 
the compound, while C57BL16J mice were anosmic (Fig- 
ure 1A). At higher concentrations of odorant, both strains 
of mice detected the isovaleric acid. Omission of the aver- 
sive stimulus showed that the mice have no innate prefer- 
ence or aversion for isovaleric acid (Figure 1A). 
Both strains of mice detected another odorant equally 
well. We tested 40 mice for their ability to detect pentade- 
calactone. At 10m3 M pentadecalactone, both C57BL16J 
and DBA/2J mice were osmic, while both strains of mice 
were anosmic at 10e4 M and 1O-5 M pentadecalactone 
(Figure 1B). Omission of the aversive stimulus showed 
that the mice had no natural preference for or against 
pentadecalactone. Wysocki and colleagues had previously 
shown that C57BL16J and AKR/J mice were equally capa- 
ble of detecting isoamyl acetate (Wysocki et al., 1977). 
The inability to detect one compound while retaining the 
ability to detect several other unrelated odors is consistent 
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Figure 2. The lsovaleric Acid-Specific Ansomia Is Recessive 
Wetested 12(C57BL/6J x DBA/2J)Fl miceand 13(DBA/2J x C57BLI 
6J)Fi mice and 10 C57BU6J and 10 DBAIPJ control mice for their 
ability to detect isovaleric acid in the two-bottle preference test. Closed 
circles represent individual mice, and the bars represent the average 
of the points in the respective category. The Fl mice were tested at 
the discriminatory concentration of 10m6 M isovaleric acid. 
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with C57BL16J mice having a specific anosmia to isoval- 
eric acid, phenotypically similar to that previously de- 
scribed in humans. 
lsovaleric Acid-Specific Anosmia Is Recessive 
Progeny from crosses between C57BL16J and DBA12J 
mice were tested for their ability to detect isovaleric acid. 
Of the 25 progeny, 24 detected isovaleric acid at 1Om6 M, 
the discriminatory concentration (Figure 2), indicating that 
the isovaleric acid-specific anosmia is recessive. The 
gene or genes responsible for this behavior are not sex- 
linked, and the trait does not display imprinting, since the 
progeny were osmic independent of the maternal strain. 
The one anomalous result may have resulted from that 
animal failing to approach the odorant bottle prior to injec- 
tion. This animal would therefore not associate the isoval- 
eric acid smell with the aversive stimulus. This 4% failure 
rate is similar to that seen for compiled data from the paren- 
tal DBA strain (3 of 69; data not shown). This Fl mouse was 
crossed to C57BL/6J, and two of the four male progeny 
exhibited the osmic phenotype, suggesting that the origi- 
nal Fl animal failed in the behavior assay (data not shown). 
Mapping of the lsovaleric Acid-Specific 
Anosmia Loci 
Recombinant inbred strains are derived from systematic 
inbreeding from the cross of two preexisting progenitor 
strains (Bailey, 1971). F2 individuals are intercrossed, and 
their descendants are continuously brother-sister mated 
for at least twenty generations. The resulting inbred strain 
of mice is homozygous for more than 98% of the loci that 
distinguish the two founder strains. Each recombinant in- 
bred (RI) strain fixes different combinations of alleles from 
the progenitors (here, C57BLIB6J and DBA12J). Thus, 
multiple genetically identical individuals from one strain 
can be tested and compared with mice from other strains 
of that RI set to map markers or characteristics of interest. 
Recombinant inbred BXD (C57BLI6J x DBA/2J) lines 
were tested for their ability to detect isovaleric acid in an 
effort to map the loci responsible for this recessive pattern 
of inheritance. Four or more animals from each of 13 BXD 
Phenotype B D D B D D D 6 D D D D i3 D D 
Flgure 3. Two-Bottle Preference Test of BXD Strains 
We tested 13 BXD strains (four or more animals per strain) for their 
ability to detect isovaleric acid at the dlscrlminatory concentration of 
1O-6 M. Each closed circle represents the preference ratio of a single 
mouse, and the bars represent the average of the preference ratios 
in the respective category. 
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Figure 4. RI Analysis of lva7 and lva2 
The genotype of the BXD strains is shown in the relevant regions of 
chromosome 4 and chromosome 6. The letter B indicates that the focus 
is homorygous C57BL/EJ, and D indicates that the locus contains 
the DBAI2J allele. The osmic phenotype pattern of lva7 matches the 
genotype for the gene C/&J-rsl and the anonymous DNA marker 
D4MIT12. Both of these loci are found on the distal portion of mouse 
chromosome4betweenD4M/T37and D4MIT249, whichareseparated 
by approximately 1.6 CM. lva2 most closely matches a genomic region 
between D6MIT798 and D6MIT75 on mouse chromosome 6. 
lines were tested in the two-bottle preference test (Figure 
3). Ten of the BXD lines were osmic, the dominant, DBAl 
2J phenotype. Three lines were anosmic, like C57BL/6J. 
This pattern of inheritance was compared with genotypic 
information for 900 loci previously mapped on the BXD 
lines by use of the Map Manger computer program (Manly 
and Elliott, 1991; Manly, 1993). Two markers found on 
the distal region of mouse chromosome 4, D4n/l/T72 and 
Ckb-rsl, had a strain distribution pattern identical to that 
of the anosmic behavior. The fad score is 3.9 for the chro- 
mosomal assignment of the anosmic locus to this region of 
chromosome 4 (Figure 4) (Manly and Elliott, 1991; Manly, 
1993). The next highest lod score (1.7) is suggestive of a 
contributing locus on the distal tip of chromosome 6, which 
contains the markers D6MIT15, D6MIT14, Xmmv7, Xmmv54, 
P40-7, Xmv24, and /ap/s3-78. We have named the locus 
on chromosome 4 lval and the locus on chromosome 6 
lva2. 
The importance of the chromosome 4 and chromosome 
6 loci in detection of isovaleric acid and their possible in- 
teraction was investigated by examining the olfactory 
phenotype in progeny of the backcrosses (DBA12J x 
C57BL/6J)Fl x C57BL/6J and (C57BU6J x DBA/2J)Fl x 
C57BL/6J. We generated 772 backcrossed N2 animals 
and determined their genotype at the regions of interest 
on chromosomes 4 and 6. We tested 66 mice that were 
not recombinant across the chromosome 4 or 6 intervals 
for their olfactory phenotype (Figure 5). Mice that had only 
C57BL16J alleles at both loci were anosmic, while mice 
that had one DBA/2J allele at each locus were osmic (Fig- 
ure 5). This establishes that inheritance of DBA/2J on chro- 
mosomes 4 and 6 is sufficient to confer the osmic state. 
Moreover, at least one of these two loci is necessary for the 
Cell 
410 
Genotype 
Figure 5. Correlation of the Osmic Phenotype with the Genotype of 
Loci on Chromosomes 4 and 6 
We tested 66 mice that were not recombinant over either the chromo- 
some 4 or the chromosome 6 interval for their osmic phenotype at 
10e6 M isovaleric acid. The mice were separated into four groups on 
the basis of their genotypes. The closed circles represent individual 
mice, and the lines represent the means of the points in the respective 
groups. The controls of four mice each from C57BU6J and DBA/2J 
had preference ratios of 0.52 + 0.12 and 0.15 & 0.06, respectively. 
The means and standard deviations for each group were as follows: 
48168, 0.46 f 0.08; 4B/6D, 0.26 f 0.19; 4D/6B, 0.25 + 0.14; and 
4D/6D, 0.113 f 0.12. If the one 4D/6D mouse that likely failed in the 
conditioning paradigm (preference ratio of 50%) was omitted from this 
calculation. the 4D16D mean was 0.16 f 0.09. 
osmic state, since mice that inherit only C57BL/GJ-derived 
alleles in both regions are always anosmic. 
To determine whether either locus was sufficient to con- 
fer the osmic state on its own, we tested mice that have 
one DBA12J allele at one locus and only C57BL16J informa- 
tion at the other. These mice displayed a range of prefer- 
ence ratios indicating the presence of osmic and anosmic 
animals within this group (Figure 5). Therefore, loci on 
. 
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both chromosome 4 and chromosome 6 play a role in de- 
termining the osmic phenotype. 
High Resolution Mapping of lva7 and ha2 
To refine the maps on both chromosomes 4 and 6, the segre 
gation of simple sequence length polymorphisms or simple 
sequence repeats (SSRs) was analyzed through the back- 
cross by haplotype analysis. Of 734 N2 progeny examined, 
83 had a recombination event between D4MIT146 and 
D4MIT64. The calculated distance across this region was 
11.31 f 1 .17 CM. Sixteen additional SSR markers that were 
polymorphic between C57BU6J and DBARJ were scored 
on these 83 recombinant animals (Figure 6A). In addition, 
single-strand conformation polymorphism (SSCP) analysis 
was used to map thelcklocus within this interval. The marker 
order with the calculated distances plus/minus standard er- 
ror is as follows: D4MIT146-1.36 + 0.43-D4MlT52-0.27 + 
0.19-[D4M/T248, D4M/T278]-0.54 + 0.27-D4M/T76- 
0.27 f 0.19-D4MIT57-0.54 k 0.27-D4M/T37-0.27 f 
0.19-D4MIT156-0.54 + 0.27-D4MIT308-0.14 + 0.14- 
[D4MIT12, D4MIT124]-0.14 f 0.14-D4MIT147-0.14 * 
0.14-D4MIT279-0.41 f 0.24-D4MlT249-0.82 f 0.33- 
lck-0.14 + 0.14-D4MIT16-0.82 + 0.33-D4MIT203- 
1.91 + 0.50-D4MIT204-3.0 f 0.63-D4MIT64. Brackets 
indicate loci that were not separated by recombination 
events. A genetic linkage map derived from this backcross 
data is shown in Figure 6A and provides a much higher 
resolution than previously described (Whitehead Institute- 
MIT Center for Genome Research, July 1994, Genetic 
Map of the Mouse, Data Release 7; Abbott et al., 1993). 
For the chromosome 6 region, 758 N2 progeny were 
tested, and 100 had a recombination event between 
D6MIT67 and D6MIT75. The calculated distance across 
this region is therefore 13.17 + 1.23 CM. Four additional 
Chromosome 4 
B Chromosome 6 
Figure 6. Genetic Map and Haplotype Data for 
Backcross Mice Genotyped with Markers Seg- 
regating on Mouse Chromosome 4 and Mouse 
Chromosome 6 
The genetic map and backcross data are 
shown for markers segregating on mouse chro- 
mosome 4 (A) and mouse chromosome 6 (B). 
The loci typed in this study are listed on the 
left and arranged to minimize recombination 
events. The genotypes of individual backcross 
progeny are designated by the open boxes 
(representing C57BU6J x DBAIPJ heterozy- 
gous mice) and closed boxes (representing 
C57BU6J homozygous mice). The numbers of 
mice with each haplotype are identified at the 
bottom of each column. Mapped loci are listed 
on the right of the chromosome, and genetic 
distances (CM) are listed on the left of the chro- 
mosome. The map locations of the lval and 
ha2 genes are indicated by the regions of the 
chromosomes shown in boldface. 
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Figure 7. Haplotype Data for Backcross Mice for the Mapping of lval 
and lva2 
The osmic phenotypes of all male mice that were recombinant on 
either the chromosome 4 (37 males of 83 mice) or chromosome 8 (53 
males of 100 mice) regions were determined. The genotypes are 
shown for those mice that contain only C57BU6J alleles at the other 
locus of interest. The loci typed in this study are listed on the left 
and arranged to minimize recombination events. The genotypes of 
individual backcross progeny are designated by open boxes (C57BLI 
6J x DBA/ZJ heterozygous loci) and closed boxes (C57BL16J homozy- 
gous loci). For the lva7 and lva2 loci, the open boxes indicate an osmic 
(DBA) phenotype, and the closed boxes indicate an anosomic (C57BL/ 
6J) phenotype. The numbers of mice with each haplotype are identified 
at the bottom of each column. The asterisk indicates one mouse that 
likely failed the behavior assay, and the double dagger indicates a 
mouse whose phenotype is inconsistent with the chromosome 6 map 
location. 
SSR markers that are polymorphic for C57BL16J and 
DBA/2J were then scored on these 100 recombinant animals 
(Figure 6B). The marker order with the calculated dis- 
tances plus/minus standard error is as follows: D6M/T67- 
1.84 5 0.49-D6MIT25-1.98 + 0.51-DGMIT198-7.64 f 
0.96-D6MIT137-0.66 f 0.29-D6MIT207-1.05 k 0.37- 
D6MIT75. A genetic linkage map of this region of mouse 
chromosome 6 based on this backcross data is shown in 
Figure 6B. 
There are several restrictions that limited the number 
of recombinant backcrossed animals that were informa- 
tive for the mapping of the Iva genes. Only male mice were 
tested in this assay, since the ability of female mice to 
smell varies with their estrous cycle. Additionally, the 4% 
apparent failure rate in the behavioral assay makes the 
linkage analysis data derived from single data points, 
especially those from apparently anosmic mice, less reli- 
able. The potential for misassignment needs to be consid- 
ered in the analysis of the backcross progeny. Analysis 
of the nonrecombinant animals (Figure 5) showed that 
both the ha7 and ha2 loci contribute to the osmic pheno- 
type. To map these loci further, we examined the contribu- 
tion of each locus independent of the other. For example, 
only chromosome 4 recombinant backcross progeny that 
were homozygous C57BL16J on chromosome 6 (between 
D6M/T67 and D6MIT75) were tested for their osmic pheno- 
type. From the 772 animals in the backcross, 14 progeny 
fit these criteria for lval and 25 for ha2 (Figure 7). The 
genotypes of all 14 recombinant backcross progeny are 
consistent with the localization of lva7 on the 0.27 CM 
region of chromosome 4 between the SSR markers 
D4M1T37 and D4MIT756 (Figure 7). 
The genotypes of 23 of the 25 progeny are consistent 
with ha2 being located on the 7.64 CM region of chro- 
mosome 6 between the SSR markers D6MIT798 and 
DGMIT737(Figure7). Oneanimal, indicated bytheasterisk 
in Figure 7, was anosmic in the behavior assay, but has 
DBA genetic information between D6MIT798 and D6MlT737 
and may represent a failure in the behavioral assay. A 
second animal, indicated by the double dagger in Figure 
7, is homozygous C57BL16J in this region yet displays the 
osmic phenotype. 
Discussion 
The specific anosmia to isovaleric acid in the mouse has 
aclear genetic basis. It is inherited in a Mendelian fashion, 
and the specific anosmia is recessive. The genes are not 
sex-linked, nor do they display imprinting. This genetic 
approach to identifying genes represents an alternative 
to the molecular genetic efforts that rely on similarities to 
other sensory systems to identify components important 
in odorant detection. 
Traits exhibiting bimodal distribution between affected 
and unaffected individuals can be mapped with both re- 
combinant inbred lines and recombinant congenic strains. 
Comparison of the strain distribution pattern of a locus 
with that of mapped genes on a recombinant inbred set 
allows the identification of the locus segregation and link- 
age pattern (Bailey, 1971; Taylor, 1978). Even when sev- 
eral loci contribute to a phenotype, candidate loci can be 
identified. Recombinant congenic strain analysis allows a 
multigenic trait to be analyzed as a series of single gene 
traits, where each can be mapped and studied separately 
(Groot et al., 1992). This type of analysis was recently used 
to map the multigenic influences in mouse colon cancer 
(Moen et al., 1991). Quantitative trait loci (QTLs) are genes 
that account for relatively small amounts of variation in 
phenotype, and QTL analysis has recently been applied 
to recombinant inbred mice. However, the analysis is lim- 
ited in resolution by the number of recombinant inbred 
strains and the number of mapped markers. 
Linkage analysis with recombinant inbred strains and, 
independently, N2 backcross progeny identified at least 
two genetic loci that contribute to specific anosmia to iso- 
valeric acid. A critical difference between these two experi- 
ments is whether the mice are homozygous or heterozy- 
gous at the loci of interest. The BXD inbred mouse strains 
are homozygous at greater than 98% of all genetic loci, 
while the backcrossed N2 animals are heterozygous across 
approximately 50% of the genome. In particular, these 
backcrossed N2 animals can have one of two genotypes 
at any locus; either both alleles are derived from C57BLI 
6J (homozygous) or one allele is from DBA/2J and one 
allele is from C57BL16J (heterozygous). Phenotypic test- 
ing of the backcrossed N2 animals showed that inheri- 
tance of a DBA12J allele at loci on both chromosome 4 and 
chromosome 6 was sufficient to confer the osmic state. 
At least one of these two loci is necessary for the osmic 
phenotype, since mice that were homozygous C57BL/6J 
at both loci were always anosmic. 
Analysis of backcrossed N2 animals indicated that nei- 
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ther locus is sufficient by itself to confer the ability to detect 
isovaleric acid, since these mice displayed preference ra- 
tios indicating the presence of osmic and anosmic ani- 
mals. These observations are consistent with one or more 
additional loci in which osmic animals inherit a DBAMJ 
allele, while anosmic animals inherit only C57BL16J al- 
leles. Assuming three loci, inheritanceof DBA12J informa- 
tion at two of the three loci (chromosomes 4 and 6 and 
an unknown locus) would be necessary and sufficient to 
permit detection of isovaleric acid. Linkage analysis with 
polymorphic polymerase chain reaction (PCR) markers 
should allow the identification of additional loci that coseg- 
regate with the phenotype in the N2 backcross animals. 
Alternatively, the variable phenotype of the N2 backcross 
animals could be due to incomplete penetrance or variable 
expressivity of the relevant genes in these mice. 
The lval chromosomal location was determined to be 
a 0.27 CM segment of mouse chromosome 4 located be- 
tween the SSR markers 04MlT37 and D4MIT156. lva2 is 
most likely within a 7.5 CM segment on the distal end of 
mouse chromosome 6 located between D6MlTl98 and 
D6,M/T737. However, one of the 25 recombinant back- 
cross animals (indicated by the double dagger in Figure 7) 
used for the lva2 mapping is inconsistent with this location. 
One possible explanation is that this particular animal in- 
herited DBA alleles at other unidentified loci that contrib- 
ute to the osmic phenotype. In the proper combinations, 
DBA alleles at these other loci could confer an osmic phe- 
notype, even when both the lval and lva2 loci contain only 
C57BL16J information. 
The assessment of olfactory detection thresholds in hu- 
mans has suggested multimodal distributions in sensitivity 
of odorant detection (see Wysocki and Kare, 1991, for 
review). Although these have been described as anos- 
mias, they represent hyposmias, a reduction in sensitivity 
as opposed to a complete loss in the ability to detect that 
particular compound. The specificity of a single receptor 
to a spectrum of odorants remains unknown. However, 
each sensory neuron, expressing only one or a few recep- 
tors, appears to elicit an electrical response to multiple 
odorants when presented in sufficiently high concentra- 
tion (Firestein et al., 1993). One obvious explanation for 
this result is that each receptor neuron can bind a range 
of odorants with varying affinities. Detection of the odor- 
ants at threshold would be achieved primarily by the small 
number of receptor types with the highest affinity. At 
greater stimulus concentration, additional neurons ex- 
pressing lower affinity receptors would be recruited into 
the response. Specific anosmias would arise when the 
high affinity receptor population is absent, and detection 
would be achieved through the lower sensitivity receptors. 
Odorants for which there are additional receptor types of 
only modestly lower affinity are therefore unlikely to be 
identified in screens for compounds revealing specific an- 
osmias. The data presented in this paper can be interpre- 
ted to suggest that there are a small number of loci in- 
volved in isovaleric acid detection at low concentrations. 
The locus on chromosome 4 is a major contributor to iso- 
valeric acid detection. The existence of additional loci on 
other chromosomes, including chromosome 6, might, in 
appropriate combinations, provide sufficient neuronal sig- 
nals to permit perception of the odorant. The number of 
these additional loci would have to be rather small in num- 
berto explain the bimodal distribution and predictable phe- 
notype observed in those animals inheriting DBA alleles 
at the chromosome 4 and 6 loci. 
The observation that animals with a specific anosmia 
can acquire the ability to detect the relevant odorant upon 
prolonged exposure at high concentrations (Wang et al., 
1993) would seem to be at odds with the loss of receptor 
genes being the cause of specific anosmia. The induction 
is specific to the odorant being tested and is associated 
with changes in the electro-olfactogram, suggesting a 
change within the olfactory receptor cells. This increase 
in sensitivity may arise from the stimulus-induced activa- 
tion of specific receptor expression. This induction, analo- 
gous perhaps to antigen activation of immunoglobulin 
expression (DeFranco, 1993), could occur through an in- 
crease in cell number or level of expression in each cell. 
An alternative explanation, consistent with models based 
on the loss of high affinity receptor genes, is that long-term 
exposure to the stimulus leads to elevated second mes- 
sengers that might positively regulate gene expression for 
one or more of the components of the signaling pathway. 
These changes in expression could lead to increased sen- 
sitivity specifically in those cells capable of responding to 
the odorant at the concentrations used in the prolonged 
exposure. 
The chromosomal locations of only a small fraction of 
the members of the receptor gene family described by 
Buck and Axel have been determined in the mouse, and 
none of these map to the loci described here (Chess et 
al., 1994;,Copeland et al., 1993; R. R. R., unpublished 
data). Another gene product that might play a specific role 
in odorant detection is the odorant-binding protein (OBP), 
which is proposed to bind the hydrophobic odorants and 
bring them through the mucous layer to the olfactory re- 
ceptor neurons (Lee et al., 1987; Pevsner et al., 1988a, 
1988b, 1990). Two OBPs exist in the rat, and the mouse 
homolog of one of these maps to the X chromosome 
(I. C. G., unpublished data). Differential binding of ligands 
by these proteins may contribute specificity to the system 
(Dear et al., 1991). Transcription factors that control spe- 
cific receptor expression or regulatory proteins that control 
receptor function are also potential candidates (Sengupta 
et al., 1994). lval and lva2 map more than 10 CM from 
a group of genes that contribute to gustatory processes 
(Belknap et al., 1992; Capeless et al., 1992; Lush, 1989; 
Lush and Holland, 1988). Isolation of the genomic se- 
quences for the lval and lva2 loci on chromosomes 4 and 
6 will facilitate the examination of these regions for the 
presence of olfactory receptor genes and determination 
of differences in receptor repertoire between C57BL16J 
and DBA/2J. Identification of olfactory epithelial-specific 
transcripts that map to the regionsof interest should permit 
the cloning of lval and lva2. 
The genetic approach described in this study represents 
a powerful alternative method to identify gene products 
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that play an important functional role in odor detection. The 
major advantage of this technique over molecular genetic 
approaches is that genes are identified on the basis of the 
phenotypic difference between the two mouse strains, and 
these genes will provide important tools for the study of 
odorant perception. 
Experimental Procedures 
Mouse Strains 
The C57BU6J, DBAfZJ, and all BXD mice were purchased from the 
Jackson Laboratories (Bar Harbor, ME). The Fi hybrid and N2 back- 
cross animals were generated in the laboratory. Backcross progeny 
were generated by crossing the Fi progeny to C57BL16J mice. 
Behavior Assay for lsovaleric Acid Anosmia 
A conditioned avoidance assay similar to that described by Wysocki 
et al. (1977) was used. Only male mice were tested in this assay, since 
the ability of female mice to smell varies with their estrous cycle. Male 
mice were housed individually in standard plastic cages with metal 
lids and tested at 40-90 days of age. All solutions were prepared with 
distilled water. The isovaleric acid was diluted into a buffered solution 
containing 2.1 x 1O-2 M sodium saccharin and 10m3 M phthalic acid. 
lsovaleric acid solutions were diluted from a 99% isovaleric acid stock 
(Aldrich, Milwaukee, WI). Prior to use, all solutions were adjusted to 
pH 4.8 (pK for isovaleric acid) through the addition of NaOH. Fresh 
buffer and dilutions were prepared for each experiment. Drinking fluids 
were available through stainless steel sipper tubes and stoppers 
attached to new 50 ml plastic tubes for each experiment. 
The mice were placed on a schedule of restricted fluid access to 
the saccharine-phthalic acid solution for 1 hr each day for 7 days to 
ensure that they would commence drinking when the tube was placed 
in their cage. On day 8, the mice were given access to the isovaleric 
acid test solution for 10 min. Immediately following this exposure, each 
mouse was removed from its cage, injected intraperitoneally (15 pi/g 
body of 0.6 M LICI) to induce aversive behavior, and returned to a 
clean cage. After 24 hr, the mice were provided with ad libitum access 
lo two drinking tubes, one containing the control saccharine-phthalic 
acid solution and the other containing the same solution plusthe isoval- 
eric acid. Every 24 hr, the amount of fluid consumed was determined 
by weighing each bottle, and the positions of the bottles on the cage 
were reversed. A preference ratio was calculated as the amount of 
isovaleric acid solution consumed divided by the total amount of liquid 
consumed for each animal over the 48 hr test period. The mice were 
also tested for innate response to isovaleric acid by omission of the 
LiCl aversive conditioning prior to the two-bottle preference test. 
Behavior Assay for Pentadecalactone Anosmia 
We examined 41 mice, previously tested for isovaleric acid detection, 
for their ability to detect pentadecalactone. Three concentrations of 
pentadecalactone were prepared by dilution of a stock solution of pen- 
tadecalactone into 2.1 x 10m2 M sodium saccharin. The stock solution 
of 1.4 ppm (w/v) was prepared by stirring 1.4 mg of pentadecalactone 
(Aldrich, Milwaukee, WI) in 1000 ml of distilled water at 42°C. The 
concentrations chosen were 10d3, 10m4, and 10m5 relative to 1 .l ppm 
(w/v) pentadecalactone, as described by Wysocki et al. (1977). Three 
to four mice of each strain were conditioned with each of the three 
concentrationsof pentadecalactone. The testing procedurewasother- 
wise identical to that followed for isovaleric acid. 
Determining Genotype by Using PCR 
Primer pairs D6MIJ61, D6MIJl5, D4MIJl46, and D4MIT64 were used 
to determine the genotype of the backcross progeny (Dietrich et al., 
1994; Whitehead Institute-MIT Center for Genome Research, July 
1994, Genetic Map of the Mouse, Data Release 7). Oligonucleotides 
were obtained from Research Genetics or the Howard Hughes Medical 
Institute Biopolymer Facility at Johns Hopkins University. Tail DNA 
was prepared from each of the animals and resuspended in dH,O, 
and the DNA concentration was determined by ultraviolet absorbence. 
PCR reactions were set up in 96-well trays for the Perkin Elmer Gene- 
Amp 9600. The 20 PI reactions contained 1 x PCR buffer (Boehringer 
Mannheim), 200 I.~M dNTPs, 300 ng of mouse tail DNA, 0.65 PM each 
oligonucleotide, and 0.5 U of Taq polymerase(Boehringer Mannheim). 
The PCR protocol was a single denaturation at 94°C for 3 min, followed 
by 32 cycles Of 94OC for 1 min, 58% for 2 min, and 72OC for 2 min. 
After a final extension of 72°C for 7 min, reactions were cooled 
to 4%. 
The PCR products were resolved on a 3% Metaphor gel (FMC, 
Rockland, ME). The products observed are as described (Dietrich et 
al., 1994; Whitehead Institute-MITCenterforGenome Research, July 
1994, Genetic Map of the Mouse, Data Release 7). Amplification of 
products from the following sets of primer pairs were multiplexed in 
PCR reactions: D6MIJ61-D6MIJl5, D6MIJl37-D6MIJl98, D6MIJ201- 
D6MIJ25, D4MIJl46-D4MIJ64, D4MIJ249-D4MIJ204, D4MIJl6- 
D4MIJ203, D4MIJl2-D4MIJ308, D4MIJl56-D4MIJ279, D4MIJ52- 
D4MIT57, D4MIT248-D4MIT278, and D4MITl47-D4MITl24. 
SSCP Analysis 
A pair of primers (CAGCCTTGATAGGCTTTCGG and CCTGGAGAC- 
CCTCTGAAAGG) were used to amplify a polymorphic region of the 
Ick gene (Beier, 1992). The PCR mixture was diluted 1:5 in United 
States Biochemical stop solution, denatured for 5 min at lOO”C, and 
transferred to an ice bucket. A 2 PI sample was loaded on a 6% nonde- 
naturing polyacrylamide gel containing 10% glycerol and 0.5x TBE 
and electrophoresed at 6 W at room temperature for 16 hr. The gel 
was transferred to filter paper, dried, and autoradiographed with an 
intensifying screen overnight. 
Mapping of Iva Genes 
Linkage analysis was performed with Map Manager (Manly and Elliott, 
1991; Manly, 1993). 
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